The effects of pressure on the crystal structure of the three known polymorphs of magnesium sulfate (α-MgSO 4 , β-MgSO 4 , and γ-MgSO 4 ) have been theoretically study by means of density-functional theory calculations up to 45 GPa. We determined that at ambient conditions γ-MgSO 4 is an unstable polymorph, which decompose into MgO + SO 3 , and that the response of the other two polymorphs to hydrostatic pressure is non-isotropic.
Introduction
The properties of inorganic materials under high pressure (HP) are of great fundamental and applied relevance. In particular, the effect of HP in oxides is a topic broadly studied in the present days. Among oxides, the HP study of sulfates has attracted considerable attention during the last decade.
1-5 Part of this interest comes from the fact that some sulfates have a crystal structure related to olivine, of the Earth's most common minerals, and therefore they can be used as test models to understand the high-pressure behavior of Earth´s mantle silicates. On the other hand, additional curiosity on the study of sulfates is related to their large number of applications which include catalyst agents, drilling fluids, food preparation, medical uses, pigments, and radiocontrast materials, among others.
Previous high-pressure studies on sulfates have been focused on BaSO 4 (the mineral barite), 1,2 PbSO 4 (the mineral anglesite), 3 SrSO 4 (the mineral celestite), 3 and CaSO 4 (the mineral anhydrite). 4, 5 In all these compounds several phase transitions have been reported to take place 45 GPa. These transitions involve an important atomic rearrangement with changes in the coordination polyhedral units and the consequent effects on many physical and chemical properties. [1] [2] [3] [4] [5] Though there are several reports on the properties of magnesium sulfate, MgSO 4 , they are mainly focused on its properties at ambient pressure and applications, 6-8 the crystal structure of the different polymorphs, 9 and the effect of temperature on it. 9 High-pressure studies on MgSO 4 have not carried out yet. Therefore, nothing is known on the possible existence of pressure-induced phase transitions, and the information on the compressibility of the different polymorphs is limited to the estimation of the bulk modulus from the thermal expansion using a Debbye approximation. 9 Part of the lack of HP studies is due to the fact that anhydrous MgSO 4 is strongly hygroscopic, which suppose experimental difficulties for the performance of such experiments. 10 Consequently, the performance of density-functional theory (DFT) calculations can be a good strategy to study the behavior of MgSO 4 under compression.
DFT has been used in the past to study the HP behavior of BaSO 4 and CaSO 4 showing that this method gives an accurate description of it. 1,4 It has been also used to carry out HP studies in other ternary oxides leading to predictions latter confirmed by experiments.
The list of oxides studied under HP by DFT calculations includes phosphates, 11 vanadates, 12 chromates, 13 tantalates, 14 molybdates, 15 and tungstates, 16 among others. The accuracy of the results obtained applying DFT to these compounds suggests that it could be useful to apply it to anhydrous MgSO 4 . In our case, we employed this technique to theoretically study the HP behavior of the known polymorphs of MgSO 4 . We explore their structural stability and their compressibility. Our results support the existence of phase transition to two novel polymorphs, which are isomorphic to the zircon 17 
Computational Methods
Total-energy calculations were performed at zero temperature (T = 0 K) as a function of pressure, up to 45 GPa, using DFT as implemented in the Cambridge Serial Total Energy Package (CASTEP). 21 The exchange-correlation energy was computed using the generalizedgradient approximation (GGA) with the Perdew-Burke-Ernzerhof parametrization developed for densely-packed solids (PBEsol). 22 The interaction between the valence electrons and the ion cores was properly described using the pseudo-potential plane-wave (PP-PW) method.
The Mg(2p 6 , 3s 2 ), O(2s 2 , 2p 4 ), and S (2p 6 , 3s 2 , 3p 4 ) electrons were considered explicitly as valence electrons and the remaining electrons and the nuclei were modelled using Vanderbilt ultra-soft pseudopotentials. 23 A kinetic energy cutoff of 500 eV and a 4x4x4 k-mesh were employed in the calculations. These parameters were selected after performing careful convergence tests. The optimized structural parameters were obtained using the Broyden˗Fletcher˗Goldfarb˗Shanno (BFGS) minimization algorithm. 24 The crystal structure relaxation was carried out imposing four criteria for convergence: (i) the total-energy variation was smaller than 5.0 ×10 -6 eV/atom; (ii) the absolute value of force on any atom was less than 0.01 eV/Å; (iii) the stress was smaller than 0.02 GPa; and (iv) the atomic displacements were smaller than 0.0005 Å. From the computer simulations we obtained total energy (E) as a function of volume (V) and the corresponding pressure (P = -/ ) from which we determined the enthalpy (H). The thermodynamically stable phase at different pressures was obtained from the P−H curves of the analyzed candidate crystal structures. As candidate structure we assumed the polymorphs of MgSO 4 reported in the literature [9] together with the zircon and scheelite structures which are potential HP structures for MgSO 4 according with crystal-chemistry arguments. 25 This methodology has been previously applied successfully to the study of several ternary oxides under HP conditions. 26, 27 Finally, the electronic band structure and density of states have been also calculated for the different polymorphs of MgSO 4 . The obtained values for the band-gap energy (E g ) should be considered as a lower boundary for it due to the well-known tendency of GGA to slightly underestimate E g . [28] [29] [30] 3 Results and discussion
Crystal structure and phase transitions
There are three polymorphs of MgSO 4 reported in the literature. 9 The ambient pressure stable polymorph (α-MgSO 4 ) has an orthorhombic crystal structure with space group Cmcm. 31 There is also a high-temperature (HT) modification of MgSO 4 which is metastable at ambient conditions. 32 Its structure is also orthorhombic but it belongs to space group Pnma. 33 The crystal structure of both polymorphs is shown in Fig. 1 and the known ambient-pressure polymorphs (α-MgSO 4 and β-MgSO 4 ). The stable α-MgSO 4 is used as the enthalpy of reference in the figure. Based upon thermodynamics, the structure with the lowest enthalpy is assumed to be the stable structure at different pressure.
The selection of the HP candidate structure has been made using crystal-chemistry arguments, like the diagram proposed by Bastide, 36 which has been successfully used to understand and predict HP phase transitions in many ternary oxides. 25 According to Bastide, pressure-induced transitions are expected to occur from the crystal structure of a given compound to that of a larger-cation-hosting compound. Therefore, the tetragonal zircon structure 17 Table 1 we present the calculated structural parameters of α-MgSO 4 . In Table 2 we present the calculated structural parameters of β-MgSO 4 . The agreement with the crystal structure determined from neutron powder diffraction and single-crystal x-ray diffraction is very good not only for lattice parameters but also for atomic positions. 9 Differences are within 2% which is typical for DFT calculations. 38 Our results are also comparable with previous ambient-pressure DFT calculations carried out using the Vienna Ab-initio Simulations Package (VASP). Tables 3 and 4 . Notice than the δ-MgSO 4 to ε-MgSO 4 transition is analogous to the zircon to scheelite transition that has been observed in many ternary oxides. 40 The crystal structure of the two new polymorphs is shown in Fig. 2 . The successive phase transition involves a densification of MgSO 4 and an increase in the coordination number of Mg, which increases from six in α-MgSO 4 and β-MgSO 4 to eight in δ-MgSO 4 and ε-MgSO 4 . Table 5 . In the table we also present the ratio between the different compressibilities to illustrate the anisotropic behavior of the different polymorphs.
Compressibility and P-V equations of state
These ratios show that clearly the a-axis is much less compressible than the other axes. For the two new polymorphs, we found that they are less compressible than the ambient-pressure polymorphs. This can be seen in Fig. 4 and Table 5 , where we show the calculated axial compressibilities for δ-MgSO 4 at 18 GPa and for ε-MgSO 4 at 36 GPa. We also determined that the contraction of δ-MgSO 4 and ε-MgSO 4 is not isotropic. However, the differences in their axial compressibilities are not as large as in α-MgSO 4 and β-MgSO 4 .
This is illustrated in Fig. 4 and also in Table 5 . In the case of zircon-type δ-MgSO 4 the most compressible axis is a. In the case of scheelite-type ε-MgSO 4 the most compressible axis is c.
Therefore in δ-MgSO 4 c/a increases under compression as occurs in most zircon-structured oxides 17 and in ε-MgSO 4 c/a decreases under compression as occurs in most scheelitestructured oxides 18 . Again, from the axial compressibilities we estimated the bulk modulus for δ-MgSO 4 at 18 GPa, whose value is 193 GPa, and the bulk modulus of ε-MgSO 4 at 36
GPa, whose value is 266 GPa.
In Fig. 3 we also show the pressure dependence of the unit-cell volume of the different polymorphs. There is can be seen that the polymorphs becomes less compressible following the sequence β-MgSO 4 < α-MgSO 4 < δ-MgSO 4 < ε-MgSO 4 . Thus, as expected, there is a direct relation between the volume of the polymorph and its compressibility. The largest the unit-cell volume the most compressible the polymorph is. This is exactly what is expected since for polymorphs of a same material (i.e. with similar bonding properties) the bulk modulus would scale inversely with the unit-cell volume. 42 In the figure, it can also be seen that the different phase transition involves a volume collapse of the crystal structure.
The relative volume contraction when going from β-MgSO 4 to α-MgSO 4 is 3.4 %, the relative volume contraction when going from α-MgSO 4 to δ-MgSO 4 is 4 %, and the relative volume contraction when going from β-MgSO 4 to α-MgSO 4 is 5 %. Such volume changes are consistent with first-order phase transitions.
From the results shown in Fig. 3 we have determined the room-temperature P-V equation of state (EOS) for the different phases of MgSO 4 . Using a normalized stress vs finite strain plot 43 we have determined that the pressure dependence of the volume can be well described by a third-order Birch-Murnaghan EOS 44 in the four phases. The obtained unit-cell volume at ambient pressure (V 0 ), bulk modulus (B 0 ), and its pressure derivative (B 0 ') are given in 15 and tungstates. 16 Notice also that among the ternary oxides studied under compression only perchlorates 52 are more compressible than sulfates.
Regarding the HP phases of MgSO 4 , it Table 6 it can be seen that the bulk modulus GPa, and that the bulk modulus of ε-MgSO 4 at 36 GPa is 274 GPa. Both values agree with those determined from the axial compressibilities.
Bond compressibility
The analysis of the effect of pressure in bond distances has been proved to be quite useful to understand the macroscopic properties of ternary oxides like MgSO 4 . 54 In this section we will analyze the pressure dependence of the different bond distances of the four polyhedral of MgSO 4 and relate it with their compressibility. Table 7 shows the calculated bond distances at selected pressure for each polymorph. The table also gives the coordination number for each cation, the distortion index for the bond length (as defined by VESTA), 55 and the average bond distance. Fig. 4 shows the calculated pressure dependence of the bond distances. There it can be seen that in α-MgSO 4 the two different S-O bonds changes with pressure in a similar way. As a consequence of it the shape on the SO 4 tetrahedron is basically not modified by pressure, changing only its volume. We found that the pressure dependence of the tetrahedron volume is consistent with a polyhedral bulk modulus of 70
GPa. In the case of the Mg-O bonds we found that the four long bonds are more compressible than the two short bonds. As a result of it, the MgO 6 octahedron becomes more regular under compression. Regarding the volume change of the octahedron, we found that its relative change is comparable with the relative change of the SO 4 tetrahedron. In particular, we determined that the polyhedral bulk modulus of the MgO 6 is 60 GPa. The similar bulk modulus of both kinds of polyhedral units is a probe that the SO 4 tetrahedral units are not rigid and play a role in the bulk compressibility.
In the case of β-MgSO 4 the behavior of bond distances is similar than in α-MgSO 4 .
As can be seen in Fig. 4 , the different S-O bonds behave in a similar way under compression.
In contrast, for the Mg-O bonds we found that the two pairs of long bonds are more compressible than the short bonds. Thus, as happens in α-MgSO 4 , under HP the shape of the SO 4 tetrahedron is basically not modified (only the volume is reduced) but the shape of the MgO 6 octahedron is modified becoming it more symmetric as pressure increases. On the other hand, we found that both Mg-O and S-O bonds are slightly more compressible in β-MgSO 4 than in α-MgSO 4 . This can be clearly perceived in Fig. 4 . This is consistent with the fact that β-MgSO 4 has a smaller bulk modulus than α-MgSO 4 (see Table 6 ). Finally, the structural changes observed at the δ-MgSO 4 to ε-MgSO 4 transition are those typical of a zircon-scheelite transition. The structural relation between both crystal structures has been described by Nyman et al. 56 In particular, the schellite structure (ε-MgSO 4 ) implies an increase of the packing efficiency of the crystal structure. As can be seen in 
Comparing in

Electronic properties
Optical properties of solids are a major topic, both in basic research as well as for industrial applications. In the case of anhydrous MgSO 4 , the band-gap has not been experimentally determined yet. On the other hand, band-structure calculations have been carried out only for α-MgSO 4 . 39, 57 The calculations carried out using the program CRYSTAL03 gave an energy band gap (E g ) of 7.4 eV. 57 The calculations performed using VASP leads to E g = 6.0 eV, 39 which is considerable smaller. In our case, we have calculated the band structure and electronic density of states (DOS) for the four polymorphs of MgSO 4
here studied under compression. The results are shown in Figs. 5 to 8. For α-MgSO 4 we determined that it is a wide band-gap semiconductor with a direct band gap at the Γ point of the Brillouin zone (see Fig. 5 ). The determined value of E g (5.457 eV) is more similar to the value determined using VASP 39 than to the value obtained using CRYSTAL03. 57 Regarding other important features of the band structure, we would like to remark that the dispersion of the valence bands is relatively small, with comparable dispersions along different directions.
We also determined that the upper half of the valence band consists of purely non-bonding O 2p states. On the other hand, the bottom of the conduction band is dominated by Mg 2p and 3s and S 3s electrons, with a small contribution of O 2p states.
In We have explored the pressure dependence of E g for the different polymorphs of MgSO 4 . The results are shown in Fig. 9 . We found that in the four polymorphs the band gap opens under compression. This is a consequence of the increase of the repulsion between bonding and anti-bonding states, which makes the conduction band to moves faster towards higher energies than the valence band. For α-MgSO 4 and β-MgSO 4 at ambient pressure we determined the pressure coefficients for the band-gap energy to be dE g /dP = 54 meV/GPa and 58 meV/GPa, respectively. Additionally, at the α-to-δ transition we found that the structural changes cause and opening of the band gap. In particular, for α-MgSO 4 the value of E g at 18
GPa is 6.427 eV, while for δ-MgSO 4 at the same pressure E g = 6.603 eV. This increase of E g by approximately 0.2 eV should be clearly detected by experiments. At 18 GPa, the pressure coefficient of E g for δ-MgSO 4 is 47 meV/GPa. The decrease of this coefficient is consistent with the compressibility decrease associated to the transition which was discussed in section 3.3. Finally, at the δ-to-ε transition our calculations predict a collapse of the band gap. At 36
GPa E g is 7.310 eV for δ-MgSO 4 and 6.888 eV for ε-MgSO 4 . This large band-gap collapse (∆E g = 0.42 eV) is typical of the zircon-scheelite transitions 60 , like the δ-to-ε transition.
Regarding the pressure coefficient of E g , at 36 GPa for ε-MgSO 4 we determined dE g /dP = 37 meV/GPa. Consequently, among the four polymorphs, the one that has the smallest dE g /dP is ε-MgSO 4 . This is a result of the fact that ε-MgSO 4 is the least compressible polymorph.
Concluding Remarks
We performed a first principle computational analysis of the high-pressure properties of anhydrous MgSO 4 up to 45 GPa. In particular, we exhaustively and systematically study of the effect of HP in the crystal and electronic structures of MgSO 4 . At pressures that can be routinely achieved now-a-days we predict the existence of two structural phase transitions to two previously unknown polymorphs. These polymorphs are isomorphic with zircon and scheelite structures. The crystal structure of the different polymorphs is reported.
Calculations also allowed us to obtain information on the axial, bond, and bulk compressibility of different polymorphs. The P-V EOS for the four studied polymorphs has been determined. We also calculated the electronic band structure and density of states for the four studied polymorphs. We found that all of them are wide band-gap semiconductors. The pressure dependence of E g has been also obtained. Calculated total density of states (TDOS) and partial densities of states for Mg, S, and O.
